Andes virus (ANDV) is associated with a lethal vascular leak syndrome in humans termed hantavirus pulmonary syndrome (HPS). In hamsters, ANDV causes a respiratory distress syndrome closely resembling human HPS. The mechanism for the massive vascular leakage associated with HPS is poorly understood; however, T cell immunopathology has been implicated on the basis of circumstantial and corollary evidence. Here, we show that following ANDV challenge, hamster T cell activation corresponds with the onset of disease. However, treatment with cyclophosphamide or specific T cell depletion does not impact the course of disease or alter the number of surviving animals, despite significant reductions in T cell number. These data demonstrate, for the first time, that T cells are not required for hantavirus pathogenesis in the hamster model of human HPS. Depletion of T cells from Syrian hamsters did not significantly influence early events in disease progression. Moreover, these data argue for a mechanism of hantavirus-induced vascular permeability that does not involve T cell immunopathology.
Pathogenic hantaviruses represent a group of rodent-borne viruses of the Bunyaviridae family that cause hemorrhagic fever in humans (68) . Infection of the rodent host results in a nonpathogenic persistent infection (16) . In humans, though, infection causes two lethal vascular leak syndromes (36) . Hemorrhagic fever with renal syndrome (HFRS), caused by Old World hantaviruses (e.g., Hantaan virus [HTNV] and Puumala virus [PUUV] ) found throughout Europe and Asia, primarily affects the kidneys and has a case-fatality rate of ϳ5 to 15%. Hantavirus pulmonary syndrome (HPS), caused by New World hantaviruses (e.g., Sin Nombre virus [SNV] and Andes virus [ANDV] ) found across the Americas, primarily affects the lungs and heart and has an overall mortality rate of ϳ40%, despite state-of-the-art treatment in modern intensive care facilities. Moreover, there is evidence that ANDV can be transmitted person to person (44, 77, 82) . There are no FDAlicensed vaccines or therapies for these neglected diseases.
The mechanism underlying the vascular leakage caused by hantavirus infection is poorly understood. Hantaviruses primarily infect endothelial cells, but replication in these cells is not directly cytopathic (32, 33, 57, 83, 86, 88) . Multiple mechanisms have been proposed to account for the vascular leakage caused by hantaviruses, including, predominantly, T cell-mediated immunopathology (4, 17, 39, 76, 79) . Consistent with this, SNV-specific T cells induce permeability of human endothelial cells expressing SNV antigens in vitro (29) . In humans, large numbers of T cells and cytokine-producing cells have been reported in the lungs, spleens, and hearts of HPS patients (52, 57, 88) , and T cell numbers have been suggested to correlate with disease severity (39) . During the acute phase of HFRS and in fatal HPS cases, cellular infiltrates have been reported to consist of disproportionately large numbers of activated CD8 ϩ T cells (33) (10, 54, 75) . Genetic correlations between disease severity and HLA haplotype have been observed in patients with milder forms of HFRS and HPS, further implicating a role for T cell responses in pathogenesis (39, 47, 55, 56) . These data have led some to suggest that therapeutically targeting T cells to improve the outcome of human infection could be an effective treatment option (76) .
Despite this circumstantial evidence, efforts to directly test the role of T cells in hantavirus disease have been hampered by the absence of an animal model of hantavirus disease. Recently, we demonstrated that ANDV infection of adult Syrian hamsters (Mesocricetus auratus) causes a lethal vascular leak syndrome resembling clinical human HPS (32, 83) . Here we used this model to investigate whether T cells contribute to hantavirus pathogenesis. Using this model, we found that while the accumulation of activated T cells in the lungs of hamsters correlated with disease onset and death, there was no difference in the kinetics or severity of disease when T cells were depleted with the chemotherapeutic agent cyclophosphamide (CyP) or T cell-specific antibodies. These data demonstrate, for the first time using a lethal adult animal model of human hantavirus disease, that T cells do not play a role in HPS.
MATERIALS AND METHODS
Virus and challenge of hamsters with virus. ANDV strain Chile-9717869 (32) was propagated in Vero E6 cells (Vero C1008; ATCC CRL 1586). Six-to 8-week-old female Syrian hamsters weighing 100 to 150 g (Harlan, Indianapolis, IN) were anesthetized by inhalation of vaporized isoflurane using an IMPAC 6 veterinary anesthesia machine. Once anesthetized, hamsters were injected with 2,000 PFU of virus diluted in sterile phosphate-buffered saline (PBS), pH 7.4. Intramuscular (i.m.) (caudal thigh) injections consisted of 0.2 ml delivered with a 1-ml syringe with a 25-gauge, 5/8-in. needle. Intranasal (i.n.) injections consisted of 50 l delivered as 25 l per naris with a plastic pipette tip.
Fluorescence-activated cell sorter (FACS) analysis. Blood was collected into EDTA-coated K2 Vacutainer tubes and gently inverted to mix. Animals were then euthanized and spleen and lung tissue was harvested into PBS. In experiments analyzing T cell kinetics, hamsters were perfused with sterile saline (Baxter) before spleen and lung tissue was removed. To isolate peripheral blood T cells, EDTA-treated blood was transferred into Accuspin Histopaque columns (Sigma-Aldrich) and centrifuged at 1,000 ϫ g for 10 min to remove red blood cells. Peripheral blood mononuclear cells were then isolated from the cell-serum interface and washed twice in PBS containing 2% fetal bovine serum (FBS). To isolate T cells from spleen and lung tissue, spleens and lungs were minced, incubated with collagenase D (Roche) for 20 min at 37°C, and then dissociated using either a BD Medimachine (BD Biosciences) or a gentleMACs dissociator (Miltenyi Biotec) according to the manufacturers' recommendations. The cell layer was then collected and washed twice in PBS containing 2% FBS. In some experiments, cells were incubated at 4°C for 15 min in a blocking buffer consisting of PBS containing 2% FBS, 2% normal rat serum (Sigma-Aldrich), and 2% normal mouse serum (Sigma-Aldrich), prior to staining with antibody. Approximately 10 6 cells were stained with anti-Syrian hamster immunoglobulin G (IgG; heavy plus light chains; 0.4 g/ml; eBioscience) and/or anti-Syrian hamster immunoglobulin M (IgM; heavy plus light chains; 0.4 g/ml; adsorbed to prevent cross-reactivity; Rockland Immunochemicals) and, to prevent cross-reactivity, with mouse anti-rat CD8␤ (clone 341; 0.8 g/ml; eBioscience), rat anti-mouse CD4 (clone GK1.5; 0.4 g/ml; eBioscience), and mouse anti-mouse/rat major histocompatibility complex class II (MHC II I-E k ; clone 14-4-4S; 0.04 g/ml; eBioscience) for 15 to 20 min at 4°C. To determine annexin V expression on T cells, cells were further stained with an allophycocyanin (APC)-conjugated annexin V antibody kit (eBioscience), per the manufacturer's recommendation. Stained cells were then were fixed in Cytofix buffer (BD Biosciences) for 15 min at 4°C, before being analyzed on a FACSCalibur flow cytometer (BD Biosciences) using CellQuest software (BD Biosciences) or a FACSCanto II flow cytometer (BD Biosciences) using FACsDiva software (BD Biosciences). Data were analyzed using FlowJo software (Treestar).
In vitro stimulation of hamster lymphocytes. A single-cell suspension of peripheral blood, spleen, and lymph node cells was prepared as described. Cells were cultured in RPMI 1640 medium with 10% FCS, 4 mM L-glutamine, 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 100 U/ml penicillin and streptomycin, 10 mM HEPES, and 5 ϫ 10 Ϫ6 M 2-mercaptoethanol (RP-10). Bulk lymphocytes were then placed in microtiter wells (5 ϫ 10 5 per well) containing 40 ng/ml lipopolysaccharide (LPS; Escherichia coli; L6529; Sigma-Aldrich) or 1 g/ml concanavalin A (ConA; catalog no. 234567; Calbiochem) and were incubated at 37°C for the indicated amount of time. In some experiments, cells were labeled with carboxyfluorescein succinimidyl ester (CFSE; Molecular Probes).
In vivo BrdU labeling. Hamsters were given sterile drinking water containing 0.8 mg/ml bromodeoxyuridine (BrdU; Sigma-Aldrich) beginning 3 days before ANDV challenge. Water containing BrdU was then given continuously and was changed every 1 to 2 days. Intracellular staining for BrdU was done using an APC BrdU flow kit (BD Biosciences) according to the manufacturer's recommendations.
In vivo cyclophosphamide administration. Cyclophosphamide monohydrate was purchased from Sigma-Aldrich. On the indicated days, anesthetized hamsters were injected intraperitoneally (i.p.) with 100 mg/kg of body weight cyclophosphamide monohydrate diluted in sterile PBS, pH 7.4.
In vivo T cell depletion. Functional-grade mouse anti-rat CD8␤ antibody (clone 341) was purchased from eBioscience. All other antibodies used in the in vivo depletion experiments were purified from hybridomas. The hybridoma for rat anti-mouse CD4 (clone GK1.5) was purchased from ATCC (CRL TIB-207). The hybridoma for rat IgG2b was a gift from John Kearny. The hybridoma for mouse IgG1 was obtained in-house and secretes an antibody to an irrelevant vaccinia virus epitope. Anesthetized hamsters were injected with combinations of purified rat anti-mouse CD4 or rat IgG1 isotype control antibodies (2 mg intraperitoneally in 1.0 ml) and mouse anti-rat CD8␤ or mouse IgG2b isotype control antibodies (1 mg intraperitoneally in 0.5 ml) diluted in sterile PBS, pH 7.4.
Preparation of tissue for histology. Tissues were fixed in 10% neutral-buffered formalin, trimmed, processed, embedded in paraffin, cut at 5 to 6 m, and stained with hematoxylin-eosin (H&E). Immunolocalization of ANDV in tissues was performed with an immunoperoxidase procedure (horseradish peroxidase EnVision system; Dako) according to the manufacturer's directions. The primary antibody was an anti-SNV nucleocapsid rabbit polyclonal antibody diluted 1:3,000 (provided by Diagnostic Service Division, USAMRIID). Negative controls included naïve hamster tissue incubated with nonimmune rabbit IgG in place of the primary antibody and naïve hamster tissue exposed to the primary antibody and to negative serum. After deparaffinization and peroxidase blocking, tissue sections were pretreated with proteinase K for 6 min at room temperature, rinsed, and then covered with primary antibody and incubated at room temperature for 1 h. They were rinsed, and then the peroxidase-labeled polymer (secondary antibody) was applied for 30 min. Slides were rinsed, and a substratechromogen solution (3,3Ј-diaminobenzidine; Dako) was applied for 5 min. The substrate-chromogen solution was rinsed off the slides, and the slides were stained with hematoxylin and rinsed. The sections were dehydrated and cleared with xyless, and then a coverslip was placed.
Statistical analyses. 
RESULTS

Kinetics of T cell activation in ANDV-infected hamsters.
Activated T cells are known to be present at sites of human hantavirus infection (52, 57, 88) , but little is known about the T cell response to hantavirus infection in hamsters. In order to identify T cells in hamsters, commercially available antibodies were screened for cross-reactivity in the hamster model ( Table 2 ). While anti-mouse/rat I-E k (clone 14-4-4S) and anti-mouse CD4 (clone GK1.5) have previously been demonstrated to identify hamster B cells (45) and CD4 ϩ T cells (14) , respectively, we found that anti-rat CD8␤ (clone 341) labeled a third cell population, presumably hamster CD8 ϩ T cells, that was found to be both I-E k and CD4 negative and proliferated in response to ConA (Fig. 1C) . Neither the CD4 ϩ nor CD8␤ ϩ population bound the I-E k antibody, indicating that labeling of cells with these three antibodies was mutually exclusive (Fig.  1B) , and only cells bound by the I-E k antibody were found to express immunoglobulins M and G (Fig. 1A) . Interestingly, when injected into hamsters intraperitoneally, the mouse CD4 and rat CD8␤ antibodies were found to deplete their respective T cell subsets in both lymphoid and nonlymphoid tissues compared to animals receiving relevant mouse and rat isotype control antibodies (Fig. 1D) . Importantly, the reduction in T cells correlated with a reduction in the percentage of MHC II-negative (MHC II Ϫ )/immunoglobulin-negative (IgG Ϫ ) cells (Fig. 1E ) in each tissue type, demonstrating that the CD4 and CD8␤ antibodies were, in fact, capable of depleting their respective T cell subsets.
To determine if the kinetics of the hamster T cell response to ANDV infection coincided with disease onset, hamsters were challenged with ANDV i.m., and then peripheral blood, spleen tissue, and lung tissue were analyzed every 3 days through day 12 ( Fig. 2A) . Using BrdU incorporation as an indicator of proliferation, 10% of the CD4 ϩ T cells were BrdU (BrdU ϩ ) positive in the lung on the day of ANDV challenge, and this percentage remained unchanged through day 6 ( Fig.  2C and D) . Between day 6 and day 9, however, the percentage of BrdU ϩ CD4 ϩ T cells increased from 10% to 19%, consistent with an increase in total CD4 ϩ T cells in the lung during this time (Fig. 2B) . The percentage of BrdU ϩ CD8 ϩ T cells in the lung progressively increased across all time points but also peaked on day 9 (16%), similar to the increase in the total numbers of CD8 ϩ T cells (Fig. 2B) . In the spleen, approxi- 
T cell number and variability in CD8
ϩ T cell number early after infection correlated with an increased amount of apoptosis of T cells in the spleen, as measured by annexin V (Fig.  2E) . No decrease was observed in CD4 ϩ T cell number in the lung, even though we detected an increase in CD4 ϩ T cell apoptosis (Fig. 2E) . The increase in annexin V staining in the lung was specific to the CD4 ϩ T cell compartment, as no increase in annexin V was seen on CD8 ϩ T cells (Fig. 2E) . Notably, total CD4 ϩ and CD8 ϩ T cell numbers in both the spleen and lung decreased to preinfection (day 0) levels between day 9 and day 12 ( Fig. 2B) , which was concomitant with the onset of disease and death of infected animals ( Fig. 2A) . Annexin V staining of CD4 ϩ T cells in the lung and spleen remained slightly elevated between day 3 and day 9, but the percentage of annexin V-positive cells did not exceed the levels found on day 3 (data not shown). Similarly, annexin V staining of CD8 ϩ T cells in the spleen remained slightly elevated between day 3 and day 9, yet the percentage of annexin V-positive CD8 ϩ T cells in the lung remained largely unchanged from the levels found on day 0 or 3 (data not shown). The percentage of BrdU-positive T cells did not increase but remained largely unchanged or decreased slightly. This suggested that the T cell populations that remained in the lung and spleen on day 12 were not enriched for effector cells. Taken together, these data suggest that the peak accumulation of activated, BrdU ϩ T cells in the lung and spleen 9 days after virus challenge correlates with the death of infected hamsters beginning a day later.
Cyclophosphamide fails to alter disease following intramuscular ANDV challenge. We hypothesized that if T cells were involved in the pathogenesis of hantavirus disease, then depletion of T cells would alter the kinetics of and possibly ameliorate disease in hamsters. CyP is a well-known chemotherapeutic agent and alkylating cytotoxic drug that affects T cells, B cells, and other proliferating cells (7) . Therefore, we used CyP to deplete T cells during ANDV infection. Hamsters were challenged i.m. with ANDV and then treated with CyP or PBS i.p. at 6, 7, and 8 days postchallenge, consistent with the timing of T cell activation shown in Fig. 2 . Total leukocyte numbers in the blood and spleens of ANDV-challenged animals were significantly reduced on day 9 by CyP treatment compared to PBS treatment (Fig. 3A) . In the absence of infection, leukocyte numbers in the lung were also reduced by CyP, but not significantly, compared to PBS control animals. CD4 ϩ and CD8 ϩ T cell numbers were significantly reduced in the spleen (50 to 60%) and lungs and peripheral blood (80 to 85%) of ANDVchallenged animals following CyP treatment (Fig. 3B) , and B cell numbers were reduced by nearly 90% in all tissues examined (Fig. 3C ). Despite reduced T and B cell numbers, there was no significant difference in the mean time to death of animals receiving CyP (11 days) and those receiving PBS (11.45 days) (Fig. 3D ). These results demonstrate that CyP does not alter the course of hantavirus disease, despite reducing T and B cell numbers. 
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Cyclophosphamide fails to alter disease following intranasal ANDV challenge. Transmission of hantavirus to humans is thought to be due to inhalation of aerosolized rodent excreta. We were therefore interested in determining whether cyclophosphamide would be any more effective in protecting hamsters following intranasal ANDV challenge. Hamsters were challenged i.n. with ANDV and were then treated with CyP or an equivalent amount of PBS (i.p.) at 8 and 11 days postchallenge. Hamsters challenged with ANDV developed disease and died whether they received PBS or CyP. No significant differences were found in the time to death of CyP-treated animals compared to PBS-treated animals (Fig. 4A) . One CyPtreated animal died on day 25 from a cause unrelated to CyP therapy. The lack of effect of CyP on survival was not due to a failure to deplete T cells, though, because we found that on day 14 the numbers of leukocytes (Fig. 4B ) and CD4 ϩ and CD8 ϩ T cells (Fig. 4C ) in the spleen were reduced by approximately 63% compared to PBS controls. The observation that T cell numbers were not significantly increased in ANDV-challenged hamsters compared to unchallenged hamsters suggested that the T cell response to i.n. ANDV challenge may begin after day 14 and that administration of CyP on day 8 and day 11 may not effectively deplete effector T cells. To address this, we performed a second experiment in which we challenged hamsters with ANDV but varied the times that CyP was administered. There were no significant differences between the mean times to death of the animals receiving PBS and animals in the groups receiving CyP on days 8, 11, and 14; days 11 and 14; or days 11, 14, and 17 ( Fig. 4D) . One hamster receiving PBS did survive. These results demonstrated that reduced T cell numbers following intranasal or intramuscular ANDV challenge did not have any detectable effect on the progression or outcome of hantavirus disease.
Depletion of Syrian hamster T cells fails to alter pathogenesis.
CyP can deplete multiple cell types, including T and B cells (7) (Fig. 3 and 4) . To specifically determine the role of T cells in pathogenesis, hamsters were challenged with ANDV, and then T cells were depleted by administering combinations of anti-CD4 or anti-CD8␤ antibodies or the relevant isotype control antibodies, as demonstrated in Fig. 1 , at 6 and 8 days postchallenge. To confirm depletion, blood and lung tissue were analyzed by flow cytometry on day 9 (Fig. 5A ). There was a 49-fold reduction (0.78% versus 38%) in the percentage of CD4 ϩ T cells in the blood of hamsters receiving the CD4 antibody compared to hamsters treated with an isotypematched rat control antibody (Fig. 5B) . Similarly, there was a 39-fold reduction in the percentage of CD8 ϩ T cells in hamsters receiving the CD8␤ antibody compared to hamsters treated with an isotype-matched mouse control antibody (0.19% versus 7.5%) (Fig. 5C ). Similar results were also obtained when hamsters received a combination of CD4 and CD8␤ antibodies or isotype-matched control antibodies (Fig.  5D) . A reduction in the percentage of CD4 and CD8 T cells was also observed in the lungs of animals treated with CD4 and CD8 antibodies, either alone ( Fig. 5B and C, respectively) or in combination (Fig. 5D ), compared to animals treated with isotype control antibodies. Despite this, no significant difference was observed in the number of surviving animals or the mean time to death of animals treated with CD4 or CD8␤ antibodies alone (Fig. 5E and F, respectively) or in combination (Fig. 5G) (Fig. 6A) . Following both PBS and CyP treatments, lungs of ANDV-infected hamsters exhibited signs of subacute interstitial pneumonia consistent with ANDV infection. Interstitial inflammation was diffuse and moderate within the lungs of PBS-treated animals, while it was slightly milder following CyP treatment. Also present were scattered necrotic/apoptotic-like cellular debris evidence of fibrin deposition within the alveoli and signs of alveolar edema. Similarly, hamsters treated with either anti-CD4 or anti-CD8␤ antibodies or relevant isotype control antibodies also exhibited signs of subacute interstitial pneumonia, diffuse and moderate to marked interstitial inflammation, alveolar fibrin deposition, and edema characteristic of ANDV infection. Immunohistochemistry analysis of lung tissue from these groups further revealed multifocal granular cytoplasmic staining of cells for hantavirus antigen in the alveolar septa (most likely associated with endothelial cells of capillaries), endothelial cells in larger vessels, and scattered alveolar histiocytes (Fig. 6B) . Immunohistochemistry analysis also suggested that there was little to no difference in overall viral load within endothelial cells following PBS, CyP, or antibody treatment. This suggests that the depletion of various immune cell types by CyP or antibody did not alter the pathology characteristic to ANDV infection.
Viral challenge dose and timing of T cell depletion do not alter pathogenesis. The disease progression in hamsters challenged with 2,000 PFU ANDV is highly uniform, making it a useful model for studying hantavirus disease. However, it was possible that any effect of T cell depletion was overwhelmed by the effects of 2,000 PFU of virus. Moreover, the accumulation of T cells in the lungs at 6 days postchallenge (Fig. 2) suggested the possibility that within these cells was a population of activated, yet undivided, cells capable of mediating disease before being depleted by antibody. To test these possibilities, a cohort of hamsters was first challenged with 80 PFU ANDV i.m. and disease progression was determined (Fig. 7A) . The kinetics of disease following a low-dose 80-PFU challenge (mean time to death, 11.9 days) were similar to the disease kinetics following the 2,000-PFU challenge (Fig. 2) , suggesting that T cell kinetics might also be similar. To then determine if the challenge dose and the timing of CyP or T cell-depleting antibody treatment affected the kinetics of disease, one group of hamsters was challenged intramuscularly with 80 PFU ANDV. These animals were then treated with CyP, PBS, combinations of anti-CD4 and anti-CD8␤ antibodies, or matched isotype control antibodies (i.p.) on days 4.5, 6, and 8 postchallenge. A second group of hamsters was challenged intramuscularly with 2,000 PFU ANDV and received the same treatments on days 4.5, 6, and 8 postchallenge. Even when administered earlier, CyP did not alter the course of disease following the 2,000-PFU ANDV challenge or following a low-dose 80-PFU ANDV challenge (Fig. 7B) . Similarly, we still found no significant difference in the number of surviving animals or the mean time to death of animals treated with CD4 and CD8␤ antibodies (10.1 days) compared to animals treated with isotype control antibodies (10.2 days) or PBS (10.1 days) following the 2,000-PFU ANDV challenge or challenge with 80 PFU ANDV (CD4 and CD8␤ antibodies, 11.4 days; isotype control antibodies, 11.8 days; PBS, 10.8 days) (Fig. 7B) . Thus, these data support our initial experiments and demonstrate that T cells are not required for hantavirus pathogenesis following low-or high-dose ANDV challenge.
DISCUSSION
Much of our knowledge regarding the relationship between T cells and hantavirus disease pathogenesis has been gleaned through indirect observation of tissue samples from humans infected by hantavirus and inferred by comparisons with diseases caused by other viruses in which pathogenesis is mediated by T cells. However, using the ANDV/Syrian hamster lethal disease model, we have now demonstrated directly that T cells are not required for HPS pathogenesis.
The role of T cells during viral infection can be paradoxical, in that while they may be necessary for protection, they can also contribute to pathology. During respiratory syncytial virus (RSV) infection in mice, CD4 ϩ and CD8 ϩ T cells contribute to virus clearance, but clearance results in significant lung pathology mediated by both T cell subsets (58, 80) . Similarly, CD8 ϩ T cells have been linked with protection in mouse models of primary dengue virus infection, while memory T cells contribute to dengue hemorrhagic fever upon secondary dengue virus infection (65) . In cases where T cell responses are protective, depletion of T cells can result in greater pathology and a decrease in time to death (70, 72) . Conversely, when T cells are pathogenic, depletion often leads to decreased mortality (2, 18,
Kinetics of the T cell response to ANDV in Syrian hamsters. Forty hamsters were challenged intramuscularly with 2,000 PFU of ANDV on day 0. Five hamsters were not challenged and were used for day 0 analyses. (A) Schematic representation depicting the number of days that T cell numbers were determined in relation to the survival of ANDV-challenged hamsters. On the day of challenge and then every 3 days thereafter, five hamsters each were euthanized and peripheral blood, spleen tissue, and lung tissue were harvested to determine T cell numbers (n ϭ 5). All animals euthanized on day 12 were displaying signs and symptoms of disease. A separate group of animals was challenged with ANDV and then monitored for survival (n ϭ 12). On the indicated days (arrows), five hamsters each were euthanized and peripheral blood, spleen tissue, and lung tissue were harvested to determine the numbers of CD4 Hamsters were challenged intramuscularly with 2,000 PFU of ANDV. At 6, 7, and 8 days after challenge, hamsters challenged with ANDV were given 100 mg/kg cyclophosphamide intraperitoneally (ANDV ϩ CyP) or an equivalent amount of PBS (ANDV ϩ PBS). Two control groups of hamsters that were not challenged with ANDV were given 100 mg/kg CyP or an equivalent amount of PBS. The effect of cyclophosphamide treatment on numbers of total leukocytes (A), CD4 ϩ and CD8 ϩ T cell numbers (B), and B cell numbers (C) in peripheral blood, lungs, and spleens from ANDV-challenged and unchallenged hamsters on day 9 after ANDV challenge was determined by flow cytometry (n ϭ 3). P values were determined by unpaired two-tailed Student's t test. NS, not significant. Values are means Ϯ SDs. (D) The number of surviving hamsters for each group on each day after virus injection was determined (n ϭ 8). The P value was determined by the log-rank survival test. Differences in survival were not significant.
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on November 4, 2017 by guest http://jvi.asm.org/ 58, 69, 80, 85) or an altered course of disease (66) . In response to intramuscular ANDV exposure, the accumulation of activated T cells peaks in the spleen and lung on day 9, a day before the onset of death (Fig. 2) . This correlation suggested a role for T cells in pathogenesis. However, immunosuppression with CyP ( Fig. 3 and 4 ) had no effect on the course of disease, either by increasing or by decreasing the time to death. CyP nonspecifically targets activated cells and might be expected to induce apoptosis of both pathogenic T cells and cell types necessary for protection. This could explain the lack of observable change in the time to death of infected animals. Nonetheless, specific depletion of T cells with antibody during the times when most T cell division occurred, 6 to 9 days postchallenge (Fig. 5) , did not alter the course of disease either. To our knowledge, this is the first report of a study using immunodepletion to study mechanisms of T cell-mediated pathogenesis for any disease in the Syrian hamster. Most of the T cells recruited to the lung early after infection are likely not ANDV-specific T cells since T cell numbers tend to increase in the lung before measurable T cell division (Fig. 2) . In much the   FIG. 4 . Cyclophosphamide does not alter disease pathogenesis following intranasal ANDV challenge. Hamsters were challenged intranasally with 2,000 PFU of ANDV. At 8 and 11 days after challenge, hamsters challenged with ANDV were given 100 mg/kg cyclophosphamide intraperitoneally (ANDV ϩ CyP) or an equivalent amount of PBS (ANDV ϩ PBS). A separate group of hamsters that were not challenged with ANDV was given 100 mg/kg cyclophosphamide (CyP) or an equivalent amount of PBS. (A) The number of surviving hamsters for each group on each day after virus injection was determined (n ϭ 8). The P value was determined by the log-rank survival test. Differences in survival were not significant. Spleens from ANDV-challenged and unchallenged hamsters receiving cyclophosphamide or PBS were harvested 15 days after ANDV challenge to determine the effects of cyclophosphamide treatment on total number of splenocytes (B) and the numbers of splenic CD4 ϩ and CD8 ϩ T cells (n ϭ 3) (C). P values were determined by unpaired two-tailed Student's t test. NS, not significant. Values are means Ϯ SDs. (D) In a second experiment, the number of surviving hamsters challenged with ANDV was determined after they were given PBS or 100 mg/kg cyclophosphamide intraperitoneally on days 8, 11, and 14; 11 and 14; or 11, 14, and 17 (n ϭ 8). The P value was determined by the log-rank survival test. Differences in survival were not significant.
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same way, memory T cells are nonspecifically recruited early to sites of infection (84) . It is possible, though, that within this population of early T cell recruits exists a population of activated effector memory cells capable of cross-reacting with ANDV epitopes or activated naïve T cells (such as T h 2 cells) that have not undergone proliferation (3, 11, 43) but that may initiate a pathway to disease pathogenesis before being depleted. Nonetheless, given that the number of antigen-specific T cells ranges from 20 to 200 cells in an entire naïve animal (51), it seems unlikely that only a few hundred cells would be sufficient to cause disease. In agreement with this, when T cells were depleted beginning on day 4.5, no changes in the course of disease were observed. Thus, it seems that T cell accumulation in the lung merely correlates with disease but is not the cause of disease. The vascular leak syndrome caused by ANDV infection of hamster shares many similarities with human HPS, including the incubation time, rapid disease onset, infected endothelial cells, pulmonary edema, pleural effusion, thrombocytopenia, neutrophilia, variability in heart rate, and hypotensive shock (8, 32, 83) . Apparent discrepancies between the incubation time of HPS hantaviruses in hamsters and humans are largely due to the initial challenge dose and the route of exposure. Human HPS cases with well-defined exposures suggest a median incubation period of 14 to 18 days (82, 87) . In hamsters, ANDV is lethal by multiple routes of exposure (31) , but the time to disease onset can vary. Hamsters exposed to 2,000 PFU ANDV by i.m. injection have a mean time to death of 13 days, whereas hamsters exposed to 20 PFU by i.n. injection have a mean time to death of 25 days, well within the range expected for human cases. Interestingly, though, the numbers of viral genomes detected in the serum of humans and hamsters displaying clinical signs of HPS caused by SNV are remarkably similar (39, 83) . Given that humans are likely exposed to significantly less virus than the hamsters used in these studies, the initial challenge dose may be irrelevant. Unfortunately, challenging hamsters with less than 80 PFU results in a more asynchronous disease course and large numbers of uninfected survivors, making results of analysis of immune response kinetics difficult to interpret. CD8 ϩ T cells have been proposed to contribute to HPS in humans, and disease severity has been suggested to correlate with T cell number (39, 83) . Nevertheless, changes in the size of the global T cell populations in the blood, spleen, and lungs of ANDV-infected hamsters ( Fig. 2 and 3 ) appear to be smaller than what might be predicted from human HPS cases. It is likely, though, that the changes within the ANDV-specific T cell pool are more dramatic but are obscured by bulk analysis of the larger T cell population. In our studies, while it is not possible to identify ANDV-specific T cells on the basis of tetramer or intracellular cytokine staining due to a lack of hamster-specific reagents, changes in the number of BrdU ϩ T cells (Fig. 2) (presumably ANDV specific) are more significant. Kilpatrick et al. (39) demonstrated that approximately 14% of CD8 ϩ T cells from humans suffering from severe to fatal HPS are specific for three different SNV epitopes. While it is likely that there are more than three ANDV CD8 ϩ T cell epitopes, the percentage of BrdU ϩ CD8 ϩ T cells that we find 9 days after ANDV challenge is similar (Fig. 2) . Alternatively, the fact that we demonstrate disease in the midst of a potentially less than overwhelming T cell response may be evidence against T cell-mediated immunopathology. Still, the correlation between CD8 ϩ T cell number and human HPS severity is tenuous. Most of the analysis of CD8 ϩ T cell responses during human HPS is limited to three viral epitopes presented by a single MHC I allele (39) . Thus, the T cell responses to viral epitopes presented by other MHC I alleles are underrepresented, allowing for the possibility that total T cell responses during moderate and severe cases might be similar. The small sample size and the discontinuity in T cell numbers as disease severity increases also limit the strength of this correlation. Moreover, in vitro evidence that CD8 ϩ T cells obtained from an HFRS patient are able to specifically lyse endothelial cells expressing an SNV-derived peptide (29) does not accurately reflect the lack of endothelial cell apoptosis during human HPS. Since effector CD8 ϩ and CD4 ϩ T cells can secrete many of the same vasoactive cytokines, the CD4 ϩ subset in hamsters may be more likely to mediate pathogenesis in hamsters since it is more prevalent. Of these cytokines, tumor necrosis factor alpha (TNF-␣) has been the most strongly linked with increased endothelial cell permeability. However, in two-thirds of fatal human HPS cases there was only a mild increase in the numbers of TNF-producing cells (52) . Furthermore, recent evidence demonstrating that the hantavirus N protein can inhibit endothelial cell NK-B activation induced by TNF-␣ (74) suggests a limited role for TNF-␣ in hantavirus pathogenesis. Nonetheless, depletion of neither subset ameliorated disease in hamsters (Fig. 5) . We cannot exclude the possibility that HPS pathogenesis in humans is mechanistically different from that in hamsters or that hamsters do not reflect all the immunological changes during human HPS, but given the similarities in disease kinetics, presentation, and pathology between the two species, we believe that this is unlikely. As more reagents become available to study the Syrian hamster model, such as those recently identified by Zivcec et al. (89) , identification of of pathogenesis in which antigen-presenting cell types, macrophages, and dendritic cells (DCs) and not T cells are responsible for inducing vascular leakage. For example, influenza virus primarily targets alveolar epithelial cells, and pathology is likely mediated by a combination of direct cytopathic effect, dysregulated cytokine expression by neutrophils and macrophages, and macrophage-mediated epithelial cell apoptosis (30, 73, 78) . Hemorrhagic fever viruses, such as Ebola viruses, dengue virus, and yellow fever virus, primarily target dendritic cells, macrophages, or tissue-specific cells such as hepatocytes (6, 24, 61, 65) . While these viruses are directly cytopathic to many cell types, including endothelial cells, dysregulated ex- . At 4, 6, and 8 days after challenge, hamsters were given 100 mg/kg cyclophosphamide intraperitoneally (ANDV ϩ CyP) or an equivalent amount of PBS (ANDV ϩ PBS). The number of surviving hamsters for each group on each day after virus injection was determined (n ϭ 8). The P value was determined by the log-rank survival test. Differences in survival were not significant. (C) To determine if the challenge dose and the timing of T cell-depleting antibody treatment would affect the ability of T cell depletion to alter the course of hantavirus disease, hamsters were challenged with either 80 PFU ANDV (i.m.) or 2,000 PFU ANDV (i.m.). At 4, 6, and 8 days after challenge, hamsters were given PBS, a combination of anti-CD4 and anti-CD8␤ antibodies, or rat IgG2b and mouse IgG1 isotype control antibodies. The number of surviving hamsters for groups receiving PBS, a combination of anti-CD4 and anti-CD8␤ antibodies, or rat IgG2b and mouse IgG1 isotype control antibodies was determined each day after virus challenge (n ϭ 8). The P value was determined by the log-rank survival test. Differences in survival were not significant. In these studies, though, it is not clear whether the T cells undergoing apoptosis are Puumala virus specific or T cells undergoing bystander apoptosis. The T cell apoptosis that we detect early after exposure to ANDV (Fig. 2) is likely bystander apoptosis of non-ANDV-specific T cells, given that ANDV antigen is not detectable in the blood or lung endothelial cells this early after ANDV infection (83). Jiang et al. (35) hypothesized that the early depletion of bystander T cells may allow space for the maximal expansion of antigen-specific T cells, but further experiments will need to be done to determine whether the early apoptosis of T cells following hantavirus infection enhances or impairs the ensuing T cell response. The lack of effect of immune cell depletion in our studies, combined with the variability of immune responses even among fatal human HPS cases, would argue for a mechanism of pathogenesis in which hantavirus infection of endothelial cells directly results in dysfunction. One possible way that hantaviruses may directly interfere with endothelial cell function is by altering barrier function. The integrity of the vascular endothelium is maintained by a complex of tight junctions and adherens junctions. However, during vascular remodeling and wound repair, adherens junctions undergo a coordinated disassembly often controlled by vascular endothelial growth factor (VEGF). Adherens junctions are primarily composed of vascular endothelial (VE) cadherin (81) that interacts with and regulates VEGF signaling through the VEGF receptor (VEGFR) (19, 42) . Similarly, VEGFR signaling is regulated by signaling cascades downstream of ␣ V ␤ 3 integrins (5, 64) . Pathogenic hantaviruses bind to inactive ␤ 3 integrin conformations on endothelial cells, causing them to remain inactive and interfering with their normal function (20, 22, 23, 63) . Recently, this has been shown to result in dysregulation of VEGFR2 signaling, rendering infected endothelial cells hypersensitive to exogenous VEGF and increasing their permeability by altering the expression of genes that regulate endothelial cell migration and permeability and causing VE cadherin internalization, resulting in adherens junction disassembly (26, 27, 59) . Notably, nonpathogenic hantaviruses infect endothelial cells via ␣ V ␤ 1 integrin, and this binding does not result in adherens junction disassembly. Subsequent studies have further demonstrated that in vitro ANDV infection of endothelial cells alone is sufficient to induce VEGF secretion, which occurs concurrently with VE cadherin internalization, and that, more importantly, serum from human HPS patients has increased levels of free VEGF (71) . Whether the levels of VEGF in serum from human HPS patients correlate with disease severity and whether a similar mechanism is responsible for increased vascular permeability in hamsters infected with ANDV have yet to be elucidated. Still, such a mechanism would be expected to cause disease in a manner that is independent of the intensity of the immune response, although immune cells could conceivably contribute to increases in VEGF expression by expressing cytokines that induce VEGF expression (37) . The observation that pathogenic hantaviruses also bind platelets and recruit them to the surface of endothelial cells via platelet-associated ␤ 3 integrin, where they remain inactive (21) , not only would explain the presence of platelet dysfunction (12) and thrombocytopenia during human and hamster hantavirus infection (12, 15, 40, 41, 57, 83, 88) but also would indicate how they contribute to the onset of hypoxia by virtue of how it may affect gas exchange within microcapillary beds. In this respect, a range of hypoxemia exists in HPS patients, and hyperoxygenation of HPS patients during extracorporeal membrane oxygenation (ECMO) therapy can reduce HPS mortality in severe cases (9, 13, 15, 28, 50) . Hypoxia alone has been shown to induce VEGF expression (53, 60) by the induction of hypoxiainduced factor 1␣ (HIF1␣) (46). This in turn may then augment the endothelial cell permeability already induced by VEGF secreted by infected endothelial cells.
HRFS and HPS continue to be neglected global health problems for which there are no FDA-licensed vaccines or effective postexposure prophylactics or therapeutics. Much of this can be attributed to a poor understanding of the mechanism of hantavirus pathogenesis. The reliance on correlations and circumstantial evidence has led to multiple proposed mechanisms, including T cell-mediated immunopathology. Nevertheless, by directly manipulating the Syrian hamster model, we can begin to elucidate or, at the very least, rule out potential mechanisms of disease. Here, for the first time, we demonstrated that HPS pathogenesis is not mediated by T cell, B cells, or other rapidly dividing immune cell types. While these studies reflect pathogenesis in the hamster model, this discovery should help to refocus efforts to understand hantavirus disease, which should in turn result in
